ABSTRACT.--We sampled bacteria from the plumage of 1,588 individuals of 83 species of birds. Feather-degrading bacteria, those able to extract energy and nutrients by breaking up
came cloudy, bacteria were cultured by streaking a drop of media across a sterile plate of trypticase soy agar (TSA; Acumedia) and incubating the culture for 24 h at 35øC. This procedure enabled us to check the morphology of the bacterial colonies to be sure we were working with a single species and provided isolated colonies from which we selected one representative colony and transferred it to two slants of TSA.
The slants were incubated for 24 h at 35øC. After growth, the cultures were stored at 4øC until further testing. We sent samples of our first 14 isolates to Five Star Laboratories, Milford, Connecticut, for species identification by cellular fatty acid analysis.
To test the bacterial isolates for feather degrading activity, we used secondary feathers of white leghorn chickens. We removed and discarded the distal 1 cm from the feather and placed the next 2 cm and the adjacent 2 cm in different test tubes. We added 10 mL of feather media (Williams et al. 1990 ) to each tube.
Next, all tubes were sterilized at 121øC and 17 lbs pressure for 15 min. The bacterial isolates to be tested were removed from cold storage. We inoculated fresh TSA cultures. After 24 h, a loopful of bacteria was removed and suspended in sterile saline. The turbidity of the saline-bacterial suspension was adjusted to 0.5 MacFarland standard, which corresponds to about 150,000 cells/mL. Two drops of this suspension (ca. 0.1 mL) were placed in a test tube of feather media containing the feather. A replicate was prepared from the same suspension. Tubes were placed in a rack on a shaker that rotated at 175 rpm and incubated at 50øC. All tubes were checked daily for 14 days. We considered the feather to be degraded when only pieces 0.5 mm 2 or smaller remained.
RESULTS
We sampled the plumage of 1,588 birds of 83 species for feather-degrading bacteria (see Appendix The proportion of birds with feather-degrading bacilli in their plumage differed significantly (X 2 = 40.00, df = 11, P • 0.001) from month to month (Fig. 1) . The incidence of such bacilli was highest in the late fall (24% in November) and winter (18% in February), dropped to 4% in early spring, rose gradually to 9% in July, and dropped back to 4% in September and October before increasing abruptly in November (Fig. 1) . No comparable pattern existed (F = 0.51, df = 6 and 49, P = 0.51) in the number of days isolates from different months required to degrade feathers (Fig. 2) . Estimates for April, September, and October were omitted from the degradation analysis because the number of bacterial isolates was few, and we were unable to replicate our measures of the number of days to degrade a feather. The number of birds sampled varied from 25 in January to 252 in July; however, the monthly differences in sample size were not a significant determinant (r = -0.189, P = 0.56) of the monthly percentage of captured birds with feather-degrading bacilli. be combined to obtain large enough expected values for Chi-square analysis. The seasonal variation shown by House Sparrows (Fig. 3) was nonrandom (X 2 = 10.07, df = 4, 0.05 > P > 0.025) and was similar to that shown by our multispecies sample (Fig. 1) ; i.e. the incidence of feather-degrading bacilli was highest in late fall and winter, intermediate in spring and summer, and lowest in September and October. Furthermore, when House Sparrows were removed from the multispecies analysis and some months were combined to obtain adequate expected values, monthly differences in the occurrence of feather-degrading bacilli remained nonrandom (X 2 = 14.27, df = 7, 0.05 > P > 0.01). Monthly differences in the occurrence of the bacilli were not a product of sampling. They were not driven by a single, abundant, resident avian species nor by monthly differences in the species composition of our samples.
In summary, the incidence of feather-degrading bacilli in the plumage of eastern North American birds varied with the time of year, but not among years. Furthermore, the amount of time bacilli required to degrade feathers varied from 3 to 14 or more days, but the mean and variation in time required were similar from year to year and month to month.
Topographical variation.--Although featherdegrading bacilli occurred among the ventral, dorsal, and tail feathers, they were isolated more often (X 2 = 10.2, df = 2, 0.01 > P > 0.005) House Sample size accounted for a large proportion of the difference among species, but substantial differences remained even when sample size was controlled. Among those species represented by 70 or more sampled individuals (Table 1), the incidence of feather-degrading bacilli was significantly nonrandom (X 2 = 48.32, df = 6, P < 0.001). American Tree Sparrows (Spizella arborea) had an unusually low incidence, whereas House Sparrows had an unusually high incidence of feather-degrading bacilli. These differences suggest that behavior and ecology affect the occurrence of feather-degrading bacilli among species. To address this possibility, we grouped species based on their foraging behavior and habitat (Appendix) as described in the species accounts edited by
Bent (1919-1968) and Poole et al. (1992-1998).
The incidence of feather-degrading bacilli differed significantly (X 2 = 16.03, df = 4, P < 0.001) among groups (Table 2) , with aerial insectivores having the lowest incidence of feather-degrading bacilli, bark-probers and foliagegleaners having an intermediate incidence, and water birds and ground-foragers having the highest incidence. The number of days to degrade a feather did not vary (F = 1.15, df = 2 and 46, P; 0.325) with foraging behavior or habitat of the species from which the bacilli were collected (Table 2) .
DISCUSSION
The progressive deterioration of feathers must be the fundamental selective force acting on the evolution of molt. Pyle (1997) has described such deterioration among the criteria used in age determination in birds. Physical The percentage of individuals with bacilli also depends on avian behavioral ecology. Birds that catch insects in the air, those that glean insects from foliage, and those that probe bark for insects have a lower incidence of feather-degrading bacilli than water birds, which have an 8% incidence of the bacilli. Birds that forage on the ground have the highest incidence of feather-degrading bacilli (10.7% of all individuals sampied). The ecological pattern of incidence supports the conclusion, drawn above, that colonization of the plumage is through contact with bacilli in the soil and secondarily through airborne spores. Additionally, the plumage of birds that forage in water or on the ground is probably wet more often than the plumage of aerial insectivores. Wet plumage should be a more favorable habitat for B. licheniformis than dry plumage and more likely to allow successful colonization of the plumage of water birds and those foraging on the ground.
The ecological relationships between birds and feather-degrading fungi are poorly studied, but they appear to be similar to those for birds and feather-degrading bacilli. Among 470 European birds representing 41 species (Pugh 1965) , ground-foraging species had a much higher incidence of keratinolytic fungi (Arthroderma curreyi, A. quadrifidum, Chrysosporium spp. and Ctenomyces serratus) in their plumage than did foliage-gleaning insectivores. Hub•-lek (1976) examined 502 birds and 367 nests of 90 European species and found that Arthroderma curreyi, A. quadrifidum, and Ctenomyces serratus were most frequent on the plumage of polyphagous, ground-foraging birds, whereas Chrysosporium tropicum was most frequent on the plumage and in the nests of birds that live in aquatic or forest habitats. Keratinolytic microorganisms occur most frequently in the plumage of ground-foraging birds and less frequently on species that forage above the ground. The latter species pick up the microorganisms either through their infrequent contact with the ground (e.g. when gathering nest material or dust bathing) or through contact with the aerial spores of bacilli and fungi.
Could the occurrence of feather-degrading bacilli in the plumage of birds affect the bird? The simple answer is that we do not know. We know that only vegetative cells can degrade 13-keratin of feathers, vegetative cells require a warm and moist environment, and feathers typically provide a warm but dry environment.
However, suppose that the plumage is wetted by dew or thunderstorm and remains wet for a couple hours. That is sufficient time for the Bacillus to emerge from its spore, produce its keratin-degrading enzyme, grow, divide, and, as the feather dries out, return to its spore state and await the next wetting. The effect of repeated episodes of enzymatic action would be to weaken the keratin in the cortex of the feather, thus reducing the feather's ability to withstand damage from airborne particles and col-lisions with solid objects (e.g. vegetation). The result would be disintegration of the feather. The scenario outlined above yields two predictions: (1) wear of the feathers should be most rapid during the summer when warm temperatures and frequent rain or dew provide opportunities for bacterial growth within damp plumage; and (2) molt not only replaces weakened feathers, but also rids the plumage of the bacilli adhering to the worn feathers.
Although we have no quantitative data on the first prediction, our impression is that abrasion of feathers is much more rapid during the summer than during the winter and that feathers are more likely to break during the summer than the winter. Our data on the monthly incidence of birds with feather-degrading bacilli show that the proportion declines dramatically in March and again in September and October following the prealternate and prebasic molts. Such temporal variation suggests that bacilli contribute to the evolution of molt in birds. With so little known about the microorganisms that inhabit plumage, this possibility is intriguing, but much remains to be learned about how bacteria and fungi interact with each other and with feathers before we can fully evaluate their influence on plumage and, ultimately, on the biology of birds.
